Recent calorimetric measurements of the solvation enthalpies of some dipeptide analogs confirm our earlier prediction that the principle of group additivity is not valid for the interaction of the peptide group with water. We examine the consequences for understanding the properties of peptide solvation. A major consequence is that the current value of the peptide-solvation enthalpy, which is a basic parameter in analyzing the energetics of protein folding, is seriously wrong. Electrostatic calculations of solvation-free energies provide an estimate of the size and nature of the error. Peptide hydrogen exchange rates provide an experimental approach for testing the accuracy of the solvation-free energies of peptide groups found by electrostatic calculations. These calculations emphasize that ignoring electrostatic interactions with neighboring NHCO groups should be a major source of error. Results in 1972 for peptide hydrogen exchange rates demonstrate that peptide-solvation-free energies are strongly affected by adjoining NHCO groups. In the past, the effect of adjoining peptide groups on the exchange rate of a peptide NH proton was treated as an inductive effect. The effect can be calculated, however, by an electrostatic model with fixed partial charges and a continuum solvent.
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group additivity ͉ peptide solvation ͉ peptide hydrogen exchange I n 2006, we pointed out (1) that group additivity is probably not valid for the interaction of the polar peptide group with water, and, consequently, the accepted value for the solvation enthalpy of the peptide group (Ϫ14.2 kcal/mol at 25°C) (2, 3) is probably seriously wrong. Our argument about the probable breakdown of group additivity was based on electrostatic calculations of the solvation-free energies (esf values) of NHCO groups in short peptides. The calculated esf values depend strongly on the presence or absence of adjacent NHCO groups. If group additivity is valid, the esf value of a peptide group should be independent of the presence or absence of neighboring NHCO groups. The solvation enthalpies are expected to behave in a similar manner as the esf values because experimental values of solvation-free energies and enthalpies in simple amides differ only by small amounts (1, 4) and because the parameters for calculating esf are fixed by requiring that esf values agree with experimental solvation-free energies for a library of small polar molecules (5) .
The solvation enthalpy of the peptide groups in an unfolded protein is the largest single factor in the energetics of protein folding, according to the standard analysis of folding energetics by Makhatadze and Privalov (refs. 2 and 3 ; and see also ref. 6 ). Data on the solvation enthalpies of the NHCO and CONH 2 groups in dipeptide analogs have been published by Della Gatta and coworkers (7) , and their results strongly suggest a failure of the group additivity assumption (7) . Here, we compare the calorimetric results for solvation enthalpies (7) with predictions based on esf values calculated by using the DelPhi program (5) . The present calculations employ numerical solution to the Poisson equation, using a continuum solvent and fixed, atomcentered partial charges. The background for DelPhi calculation of esf values is given in ref. 5 .
The 4 dipeptide analogs for which solvation enthalpy results are available (7) contain 1 primary (CONH 2 ) and 1 secondary (NHCO) amide group. The authors found that the solvation enthalpy of an NHCO group in these compounds is distinctly different from the values found in monoamides studied earlier (8) . The authors treat the solvation enthalpies of the CONH 2 and NHCO groups as being equal (6), and they conclude that group additivity is probably not valid for the interaction of the NHCO group with water. The standard analysis of protein folding energetics is based on the principle of group additivity (2, 3), and it is important to learn why group additivity should break down for the interaction of NHCO groups with water. Our article shows that a primary cause of the breakdown is the strong electrostatic interactions made by neighboring NHCO groups in peptides.
We point out that failure of group additivity for the interaction of the NHCO group with water, caused by electrostatic interaction with neighboring NHCO groups, is verified independently by a quite different experimental approach, based on data for the hydrogen exchange (HX) rates of peptide NH protons in short peptides. A strong effect of neighboring NHCO groups on HX rates was demonstrated experimentally by Molday et al. (9) in 1972. They found that the base-catalyzed HX rate of the peptide NH group increases almost 100-fold from 2.5 ϫ 10 8 for Nmethyl-acetamide (NMA) to 1.6 ϫ 10 10 for a tripeptide with NHCO groups on either side of the central NH group. Fogolari et al. (10) recognized that this result can be interpreted by calculating electrostatic free energies.
Solvation Enthalpy of an NHCO Group Depends Strongly on the Presence of Adjoining NHCO Groups
Earlier (1), we pointed out that the esf value of a specified NHCO group depends strongly on its residue position for NHCO groups close to either end of a peptide and also depends on the total number of NHCO groups if the peptide is very short. When the solvation enthalpy of a peptide is measured calorimetrically, the results give ⌬H solv o , the total solvation enthalpy for the whole peptide. To study whether or not group additivity can be used to analyze the results, we proceed as follows. First the contribution to H solv o from the alkyl groups present in the peptide is subtracted: The remainder is ⌬H pol , the contribution to ⌬H solv o from the polar groups of the peptide. Then the dependence of (⌬H pol /n) on n is calculated, where n is the number of NHCO groups in the peptide. For the dipeptide analogs studied by Della Gatta and coworkers (7) , it is also necessary to determine whether the solvation enthalpy of the CONH 2 group equals that of the NHCO group. We first use esf calculations to investigate this question and give the predicted trend in (⌬H pol /n) with n for peptides larger than dipeptides. Table 1 shows the total solvation enthalpy (⌬H pol ) of the 2 polar groups (CONH and CONH 2 ) in 4 dipeptide analogs (7) . The contribution of the alkyl moiety has been subtracted (7) by using the experimental solvation enthalpy of the alkane that corresponds to the alkyl moiety. Both esf values and solvation enthalpy data indicate that the ⌬H pol values should be similar for the NHCO and CONH 2 groups (see below). Della Gatta and coworkers (7) found that ⌬H pol /2 obtained for dipeptide analogs is distinctly different from ⌬H pol for a single NHCO group in monoamides.
To compare experimental values of solvation enthalpy with esf values, we note that for simple monovalent anions and cations, the ratio of solvation enthalpy to free energy is 1.072 (1), and so we compare (solvation enthalpy/1.072) with esf. Fig. 1 shows the curve of (¥esf NHCO )/n versus n for a set of short alanine peptides; n is the number of NHCO groups in a peptide and ¥esf NHCO is the total esf value for the peptide. Only the polar NH and CO groups of a peptide contribute to its esf value when the DelPhi algorithm and PARSE partial charges (5) are used to calculate esf. Fig. 1 includes values of [(⌬H pol /n)/1.072)] for a monoamide (NMA, plotted at n ϭ 1) and for a dipeptide analog (alanine, plotted at n ϭ 2). The agreement is satisfactory. Both the calculated esf values and the experimental solvation enthalpies indicate that group additivity fails for the solvation-free energy and enthalpy of the NHCO group.
Different Partial Charges on the CONH 2 Group of Acetamide and the NHCO Group of NMA
Before concluding that these results confirm the failure of group additivity, it is necessary to consider how the ⌬H pol values for the NHCO and CONH 2 groups are related. The PARSE partial charges (5) for the NH of NMA are Ϫ0.40 (N) and 0.40 (H), whereas for the NH 2 group of acetamide they are Ϫ0.78 (N) and 0.39 (for each H). Although these partial charge differences appear large, the esf values of NMA (Ϫ12.20 kcal/mol) and acetamide (Ϫ11.75 kcal/mol) are similar ( (11) . The variation in ⌬H pol values among various classes of monoamides can be a large effect: The measured difference in ⌬H pol between dimethylformamide and N-butyl-acetamide is Ϸ4.5 kcal/mol (8) .
A likely explanation is provided by quantum chemistry calculations made by Wiberg and coworkers (12, 13) . Their results indicate that the partial charge on the amide N may vary among amides because there is a mobile equilibrium between planar and twisted forms of the amide and the equilibrium is affected by amide substituents (12, 13) . The difference between the ⌬H pol values of the NHCO group in NMA (Ϫ13.01 kcal/mol) and the CONH 2 group of acetamide (Ϫ13.74 kcal/mol) ( Table 2 and Revised values of solvation enthalpies for monoamides, compared with ones we gave earlier in ref. 4 , are given in Table 2 . The values given for NMA, acetamide, and dimethyl-acetamide are different from our earlier values for 2 reasons. First, we earlier corrected for the alkyl moieties by assuming that the correction term is proportional to accessible surface area (ASA). Second, a standard state correction is needed for vapor to liquid transfer *Ac-G-NH2 is a glycyl dipeptide analog (CH3CONHCH2CONH2); Ac-A-NH2, AcVal-NH 2 and Ac-Leu-NH2 are the dipeptide analogs of Ala, Val and Leu, respectively. † The total solvation enthalpy of the 2 polar groups (CONH and CONH2); data are from ref. 7 . ‡ The esf value is calculated for both polar groups (NHCO and CONH2). The esf value for the extended-␤ (Ϫ120 o , 120 o ) conformation is given. Fig. 1 . ¥esfNHCO is the total ESF value of the n NHCO groups (¥esfNHCO/n) is shown as filled circles) for a set of short alanine peptides (extended-␤ conformation, Ϫ120°, 120°). The peptides are blocked with CH (16), and we made this correction (4). We now conclude that the procedure used by Della Gatta and coworkers (7, 8) to subtract the contribution of the alkyl moiety is preferable to our earlier procedure (4) because it is more direct and avoids the assumption that the alkyl correction is proportional to ASA. When the Della Gatta procedure for making the alkyl correction is used, the standard state correction drops out because it is subtracted together with the alkyl correction term, and the standard state correction has the same value (Ϸ0.55 kcal/mol) (2) in both cases. Consequently, the solvation enthalpies of the NHCO groups of monoamides shown here in Table 2 are somewhat larger (more negative) than our earlier values (4). The basic conclusion drawn earlier (4) from data like the results in Table 2 was that the experimental values of solvation-free energy and solvation enthalpy of the NHCO group in monoamides are closely similar. This conclusion still applies, but less strikingly. An ASAdependent correction term is used here to obtain ⌬G pol from ⌬G solv o because the PARSE parameters of DelPhi are calibrated by using an ASA-dependent correction term (5) . Note that the alkyl correction term is always larger for the solvation enthalpy than for the solvation-free energy of the alkane.
In Table 2 , the esf value of dimethyl-acetamide (DMA) cannot be computed by using known PARSE partial charges because they have not yet been determined for tertiary amides (5). However, because the experimental solvation-free energy of DMA is known (12) , and the esf is required to be closely equal to the experimental ⌬G pol value when the PARSE charges are assigned, the esf of dimethyl-acetamide should be close to the Ϫ10.86 kcal/mol given in Table 2 for ⌬G pol . Earlier (4), we also gave values for ⌬G pol and ⌬H pol for propionamide, but by mistake, we gave the ⌬H pol value for N,N-dimethyl-propionamide, taken from ref. 8 , and the experimental value for propionamide is not available in ref. 8 .
Hydrogen Exchange Rate as a Probe of Solvation-Free Energy in Peptides
There is a straightforward theory linking hydrogen exchange rate (k HX ) in peptides with the electrostatic free energy of the peptide (10, 17) . Logk HX for base-catalyzed exchange depends directly on ⌬pK a , the difference in pK a between the catalyst OH Ϫ , with pK a 15.7, and the peptide NH group, with pK a 18.5, for a representative peptide group (17) . (These are illustrative pK a values (17) ; the reader should be aware that their values depend on temperature and isotope effects (18) as well as on the neighboring residue effects discussed here.) The 2 reactants first form an encounter complex (AH ϩ B Ϫ N A Ϫ ϩ BH, AH ϭ peptide, B Ϫ ϭ OH Ϫ ) in a fast, diffusion-controlled reaction whose second-order rate constant is k D . Then k HX is given by (17) 
⌬pK a depends on the free-energy cost of ionizing the peptide NH group, which can be estimated by calculating ⌬G el , the electrostatic free energy of the ionizing group (10), by using the finite difference method to solve the Poisson-Boltzmann equation for ⌬G el . This is done for both the neutral and ionized forms of the peptide group of the peptide (pep) and of the reference compound, NMA.
pK a (pep)ϭpK a (NMA)ϩ⌬(⌬G el )͞2.303RT .
[2]
The procedure used here is outlined in Methods and in refs. 5, 10, and 19. The partial charges of the solute molecule are placed on a grid running through a cavity in the solvent. ⌬G el for the N atom at grid site i depends on the partial charge and the electrostatic potential at site i (5, 10, 19, 20) whose value depends on electrostatic interactions made between the NH or N Ϫ group with neighboring NHCO groups.
Fogolari, et al. (10) made electrostatic calculations using the UHBD algorithm to interpret the HX rate data of Molday et al. (9) for various short peptides. Their procedure differs in several respects from the DelPhi procedure used by us, and we have repeated their calculations using DelPhi to determine whether equivalent results and conclusions are obtained. The basic differences between their UHBD calculations and ours are as follows. They assign small partial charges to the hydrocarbon groups, whereas partial charges of 0 are assigned when using the PARSE parameters of DelPhi (5). They use a dielectric constant () of 4 for the peptide (10), whereas ϭ 2 is normally used in DelPhi (5), and we investigate here values of ϭ 2, 4, and 20. Finally, they use a closed van der Waals surface to describe the cavity surface for the solute molecule, whereas DelPhi uses the water-accessible surface (ASA) obtained by rolling a probe with radius 1.4 Å over the solute. The calculated values of logk HX depend substantially on backbone conformation (10), and they compared experimental results with calculated values for an assumed 70:30 mixture of extended-␤ (Ϫ120°, 120°) and ␣ R (Ϫ60°, Ϫ40°) backbone conformations, for which they found good agreement with the experiment (10) .
We made DelPhi calculations of logk HX for 3 backbone conformations (␣ R , Ϫ60°, Ϫ40°; ␤, Ϫ120°, 120°; and P II , Ϫ75°, 145°). The logk HX calculations for ϭ 4 [the value they used (10) ] are shown in Table 3 together with the experimental values of logk HX (9) . As they also found (10) , there are substantial differences between calculated values of logk HX for different backbone conformations. The average calculated value of logk HX for the 3 backbone conformations is plotted against the experimental value in Fig. 2 : A good correlation is seen, with R ϭ 0.964. A similarly good correlation is found when logk HX for 30% ␣ R , 70% ␤ is plotted (R ϭ 0.968) for comparison with their results. Although individual values of logk HX (calculated) vary significantly between the results of ref. 10 and our own, the present results are broadly similar to the UHBD results found by Fogolari et al. (10) . Both sets of results agree that electrostatic interactions among adjacent NHCO groups are responsible for the strong dependence of logk HX on neighboring peptide groups.
Before a realistic comparison can be made between calculated and experimental values of logk HX , the actual conformations of the peptides must be determined, and the appropriate value of for use in these calculations must be evaluated. The slope of the line in Fig. 2 is 1. 47, but the difference between this value and the expected value of 1.00 is not important until the backbone conformations of the peptides can be determined. The slope of the plot shown in Fig. 2 depends strongly on the value used for is CH 3CONHCH(CH3)CONH*CH2CONH*CH3; L and R refer to the left and right NH* groups, and NH* refers to the NH group whose k HX is measured. † The experimental value of ⌬logkHX is given, followed by calculated values for the ␣R (Ϫ60 o , Ϫ40 o ), ␤ (Ϫ120 o , 120 o ), and PII (Ϫ75 o , 145 o ) backbone conformations. The reference compound 1 (NMA) has the same geometry and pK a value throughout. The interior dielectric constant used in the calculations is ϭ 4.
: The slope is 3.18 for ϭ 2, 1.46 for ϭ 4, and 0.26 for ϭ 20. Whether use of the closed van der Waals surface or the ASA surface gives better results remains to be determined.
The standard literature explanation for the dependence of logk HX on neighboring NHCO groups invokes a through-bonds inductive effect (21, 22) . Our results show, as was evident earlier (10) , that the effect can be described instead as a through-space electrostatic effect.
Wider Consequences of Electrostatic Solvation of Peptide Groups
Our earlier studies of esf-dependent properties of peptides were hampered by our inability to make direct comparisons between esf values and experimental data (1, 4, (23) (24) (25) . The basic problem is that most quantities we have studied are affected by other properties in addition to solvation, and these other properties are not yet known quantitatively. In this article, we report some progress with this problem. Solvation enthalpy should be directly related to solvation-free energy for highly polar molecules (1, 4) , at least in simple cases. Moreover, the effect of adjoining NHCO groups on the HX rate of a given NH group is both a large effect (Ͼ2 kcal/mol in Fig. 2 ) and one for which it is easy to obtain accurate experimental data. The required experimental data have been present in the literature since 1972 (9) . There is an intriguing twist to the problem because the data have long between interpreted as an inductive (through-bond) effect (21, 22) , whereas the esf calculations are made for fixed partial charges, a point recognized earlier (10) . Fig. 1 indicates that the effect of adjoining NHCO groups on the average solvation enthalpy of the peptide groups in a short peptide can be even larger than shown in Fig.  2 for HX rates.
A different esf-dependent effect that we studied earlier (23, 24) is that solvation strongly affects preferences for different backbone conformations, and the effect is amino acid-specific. The dependence of backbone preference on solvation may explain why alanine favors the polyproline II (P II ) conformation in the coil library, whereas valine favors extended-␤ (23, 24) . The esf dependence of backbone preference is in the size range 0.5-1 kcal/mol (23, 24) .
A related esf-dependent effect is the neighboring-residue effect (24) . Peptide solvation depends on the access of water to a peptide group because access is limited by neighboring side chains. A neighboring-residue effect was detected experimentally in Dobson's laboratory (26) by peptide NMR measurements of the 3 J HN␣ coupling constant, which is directly related to the backbone angle. These workers divided neighboring residues into 2 groups according to the size of the effect: L (large effect, aromatic and ␤-branched residues, FHITVWY) and S (small effect, other amino acids). The same 2 groups of L and S residues (with G and P excluded) were found in esf calculations of a neighboring-residue effect in the coil library (24) . The existence of a neighboring-residue effect has been confirmed by other types of studies (27, 28) . The average esf difference caused by having L versus S neighbors is 0.2 kcal/mol (24) , the smallest of the 3 effects discussed here.
The effect of adjoining NHCO groups is related to, but different from, the electrostatic effect on peptide backbone conformation considered by Flory (29) and by Avbelj and Moult (30) . They point out that electrostatic interactions among adjoining NHCO groups should be a major determinant of peptide backbone conformational preferences because dipoles of adjacent peptide groups are antiparallel (favorable) in the extended-␤ conformation (Ϫ120°, 120°), whereas they are parallel in the ␣ R conformation (Ϫ60°, Ϫ40°). Electrostatic interactions in the ␣ R conformation are unfavorable unless peptide H-bonds are formed and the parallel dipoles are joined end-to-end. These same electrostatic considerations arise when discussing solvation of the peptide group, but there are 2 important differences. The esf is always negative (favorable), whereas the local electrostatic interaction energy can be either favorable or unfavorable. Second, the size of the esf varies among amino acid residues at fixed , values (4, 20, 23, 24) whereas the local electrostatic interaction energy is fixed.
The 3 esf-dependent effects summarized above have wider consequences. The backbone preference effect should be a major determinant of ␣-helix (4) and ␤-structure (25) propensities. The neighboring-residue effect demonstrates that Flory's ''isolated pair'' proposal (29) cannot be valid as a general principle. The isolated-pair hypothesis argues that the , angles of 1 residue in an unfolded protein should be independent of adjoining residues but the neighboring-residue effect shows they are dependent. The effect of adjoining NHCO groups demonstrates that the principle of group additivity does not apply when solvation of the peptide group is considered. Because of its large size, and because the principle of group additivity has been the cornerstone of earlier experimental analyses of the energetics of protein folding (2, 3) , the effect of adjoining NHCO groups poses a major problem for understanding the energetics of folding. Development of a new analysis will not be easy.
Methods
Calculation of esf Values. The esf value is the transfer free energy from the gas phase to aqueous solution. The steps in the calculation when using DelPhi, and the rationale for these steps, are given in ref. 5 . We obtained the DelPhi algorithm from the Department of Biochemistry, Columbia University, 630 West 168th Street, New York, NY 10032. A grid with 101 ϫ 101 ϫ 101 points and a grid spacing of 0.4 Å was used, and 1 focusing step with a spacing of 1 Å was made. The image charge method of calculating ⌬G el was used. The pH is 7.0, and the ionic strength is 0. For the geometry of the amino acid residues, a new residue library was made from 3,628 high-resolution protein structures in the Protein Data Bank (resolution Ͻ2 Å, r-factor Ͻ0.2) and used to give the bond angles and distances.
Calculation of ⌬logk HX Values. This calculation is based on the free-energy cost of ionizing the peptide NH group and is calculated according to equation 7 of ref. 19 . Values of ⌬G el are calculated for the neutral and ionized forms of the peptide NH group, and the difference is taken. A Table 3 .
charge of Ϫ1.00 is placed on the N atom, as in ref. 10 . The charge and the electrostatic potential at the N atom are used to calculate ⌬G el. The ionic strength used in the calculations is 0.5.
